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,Q WKLVZRUN WKH VHQVLWLYLW\ RI DQ XQUHLQIRUFHG DQG VWHHOZLUH UHLQIRUFHG$=PDJQHVLXPDOOR\ WR VWUHVV FRUURVLRQ FUDFNLQJ LV
LQYHVWLJDWHGE\PHDQVRIVWDWLFVWUHVVFRUURVLRQWHVWLQJFODPSLQJOHYHUWHVWVDQGF\FOLFVWUHVVFRUURVLRQWHVWLQJFUDFNSURSDJDWLRQ
WHVWV ,Q VWDWLFPHFKDQLFDOFRUURVLYH WHVWLQJ WKH$= DOOR\ VKRZHG D UHODWLYHO\ ORZ VHQVLWLYLW\ZKLOH WKH FRPSRVLWH VKRZHG D
KLJKHUVHQVLWLYLW\ZLWKHDUOLHUFUDFN LQLWLDWLRQGXH WRZHDNHQLQJRI WKH ORDGHGVSHFLPHQVHFWLRQ,QF\FOLFH[SHULPHQWVK\GURJHQ
HPEULWWOHPHQWFUDFNJURZWKDFFHOHUDWLRQFRXOGEHDWWHVWHG5HLQIRUFLQJ WKHPDWUL[PDWHULDO OHDGV WRDFRPSHQVDWLRQRI WKHFUDFN








%\ GHYHORSPHQW RI QHZ PHWDO PDWUL[ FRPSRVLWHV WKH
VSHFLILFSURSHUWLHVOLNHVSHFLILFVWUHQJWKRUVWLIIQHVVFDQ
EHLQFUHDVHGDERYHWKHOHYHORIFRQYHQWLRQDOOLJKWPHWDO
DOOR\V ZKLFK OHDGV WR DQ LPSURYHG OLJKWZHLJKW
FRQVWUXFWLRQ SHUIRUPDQFH 7KH FRPSRVLWH H[WUXVLRQ
SURFHVV UHSUHVHQWV RQH VWUDWHJ\ IRU SURGXFLQJ
XQLGLUHFWLRQDO UHLQIRUFHG OLJKW PHWDO PDWUL[ FRPSRVLWHV
>@ 3URILOHV PDQXIDFWXUHG E\ FRPSRVLWH H[WUXVLRQ DUH
VXLWHG SHUIHFWO\ IRU OLJKW IUDPH VWUXFWXUHV LQ YHKLFOH
FRQVWUXFWLRQDQGDYLDWLRQ7KHVWUHVVHVRFFXUULQJLQ WKLV
ILHOG RI DSSOLFDWLRQ DUHPRVWO\ RI F\FOLF QDWXUH DQG DUH
RIWHQVXSHULPSRVHGE\FRUURVLYHH[SRVXUH$GGLWLRQDOO\
VWDWLF VWUHVV FRUURVLRQ FUDFNLQJ VWDWLF 6&& DQG
HVSHFLDOO\F\FOLFVWUHVVFRUURVLRQFUDFNLQJF\FOLF6&&




)RU WKLV UHDVRQ WKH LQIOXHQFH RI PHFKDQLFDO DQG
VXSHULPSRVHG FRUURVLYH FRQGLWLRQV LQ D VWHHO ZLUH
PDJQHVLXP PDWUL[ FRPSRVLWH VKDOO EH LQYHVWLJDWHG
TXDOLWDWLYHO\ LQ WKLV ZRUN E\ PHDQV RI VWDWLF H[SRVXUH
WHVWVDQGF\FOLFFUDFNSURSDJDWLRQWHVWV

,Q JHQHUDO PDJQHVLXP DOOR\V DUH FRQVLGHUHG WR EH
UHODWLYHO\ VHQVLWLYH WR FRUURVLRQ LQ OLTXLG VROXWLRQV
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
   
 (1) 
%XWPRVW LPSRUWDQW IRUPDJQHVLXPPDWUL[FRPSRVLWH LV
WKH FLUFXPVWDQFH RI D KLJK QHJDWLYH IUHH FRUURVLRQ
SRWHQWLDORI9LQZDWHU\VROXWLRQVZKLFKOHDGVWRD
SUHIHUHQWLDO DFWLYH FRUURVLRQ RI PDJQHVLXP LQ FRQWDFW
ZLWK RWKHU PHWDOV RU RWKHU SKDVHV OHDGLQJ WR VHOHFWLYH
FRUURVLRQPHFKDQLVPVOLNHSLWWLQJ>@
,WLVDOUHDG\NQRZQWKDWHPEHGGHGUHLQIRUFLQJHOHPHQWV
LQ PHWDO PDWUL[ FRPSRVLWHV FDQ OHDG WR D FUDFN
GHFHOHUDWLRQ E\ LQWHUDFWLRQ EHWZHHQ FUDFN WLS DQG
LQWHUIDFH > @ +RZHYHU LQ FRUURVLYH FRQGLWLRQV DQ
LQFUHDVHG LQWHUIDFLDO GDPDJH LV H[SHFWHG DQG WKHUHIRUH
WKH FUDFN WLS ± LQWHUIDFH LQWHUDFWLRQ FDQ EH LQIOXHQFHG
VWURQJO\DVVKRZQIRUDQDOXPLQXPPDWUL[FRPSRVLWHLQ
>@
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7KH PDJQHVLXP FRPSRVLWH XVHG LQ WKLV VWXG\ LV DQ
$= 0J$O=Q PDJQHVLXP DOOR\ UHLQIRUFHG ZLWK D
VSULQJVWHHOZLUH66;&U1LZLWKDGLDPHWHU





7DEOH  JLYHV DQ RYHUYLHZ RI WKH FKHPLFDO
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2.2.  Specimen geometry 
7KH LQYHVWLJDWLRQVUHJDUGLQJ WKHVWDWLFVWUHVVFRUURVLRQ








WKH VSHFLPHQZLWKDGLVSODFHPHQW IURP WKHQHXWUDOD[LV





RI WKH VSHFLPHQ LV HTXDO ZLWK WKH FURVVVHFWLRQ RI WKH
QHWVKDSHPDQXIDFWXUHG SURILOH 7KH UHLQIRUFHG SURILOHV
ZHUH UHLQIRUFHG ZLWK ILYH VWHHO ZLUHV 7KH FHQWHU









VKRZQ LQ )LJXUH  7KH ORDG )9ZDV DSSOLHGZLWK WZR
DOLJQHG VWHHO SRLQWV LQ DXQLYHUVDO WHVWLQJPDFKLQH W\SH





)RU FRUURVLYH H[SRVXUH WKH FODPSHG VSHFLPHQV DUH
SXW LQWR WKH FRUURVLYH PHGLXP LQ SODVWLF EDVLQV
DIWHUZDUGV %\ XVLQJ D G\DGLF VHWXSZLWK DQ LQQHU DQG
RXWHU EDVLQ D XQLIRUP IORZ DQG FLUFXODWLRQ RI WKH
FRUURVLRQ PHGLD ZDV HQVXUHG E\ DQ DLU VXSSO\ DW WKH
ERWWRPRIWKHRXWHUEDVLQ)LJXUH





7KH XQUHLQIRUFHG DQG UHLQIRUFHG FODPSLQJ OHYHU
VDPSOHV DV ZHOO DV XQORDGHG UHIHUHQFH VDPSOHV ZHUH
H[SRVHG IRU DPD[LPXPRI GD\V7KH VXUIDFH FUDFN






3ULRU WR WKH H[SHULPHQW D FUDFN ZDV LQLWLDWHG ZLWK D
PHGLXPORDGRI)P N1DQGDQDPSOLWXGHRI)D 
N1 XS WR DQ LQLWLDO FUDFN OHQJWK RI DERXW  PP IRU








VROXWLRQ IRU UHSUHVHQWLQJ VHD ZDWHU RU DQ H[SRVXUH WR
URDGVDOWDQGZDWHU LQ W\SLFDOZLQWHUFRQGLWLRQV DQGDQ
DFLG VXOIXU VROXWLRQ ZLWK S+    DV UHSODFHPHQW IRU
DFLGLFUDLQZHUHFKRVHQ7KHH[SRVXUHRI WKHFUDFNZDV
UHDOL]HG E\ D VHWXS VKRZQ LQ ILJXUH  7KH VSHFLPHQ






)LJ 6HWXS IRU PHFKDQLFDO FRUURVLYH ORDGLQJ IRU PRXQWLQJ LQ WKH
YLEUDSKRUHWHVWLQJV\VWHP
2.4. Crack length measurement in cyclic experiments 
:KLOHWKHFUDFNOHQJWKPHDVXUHPHQWLQODERUDWRU\DLU
FRXOG EH UHDOL]HG VLPSO\ E\ SRWHQWLDO SUREH




7KH UHODWLRQVKLS RI IUHTXHQF\ I VWLIIQHVV F DQG WKH






   
 (2) 
 
mflka '   (3) 
$QDORJRXVWRWKHFDOLEUDWLRQRIWKHSRWHQWLDOSUREHD
FDOLEUDWLRQ FXUYH ZDV GHWHUPLQHG IRU WKH UHODWLRQVKLS
EHWZHHQIUHTXHQF\GURSDQGFUDFNOHQJWK(TXDWLRQ
7KHGHWHUPLQHGSDUDPHWHUVZHUH N  î  O  
DQGP 
5HVXOWVDQGGLVFXVVLRQ
3.1. Clamping lever test 
7KHFRUURVLRQGDPDJHLQDOOLQYHVWLJDWHGVSHFLPHQLV
FKDUDFWHUL]HG DW WKH EHJLQQLQJ E\ D OLQHDU FRUURVLRQ RI
WKH VXUIDFH ,W FDQ EH FRQFOXGHG WKDW LQ GLVWLOOHG ZDWHU
DQG VXOIXU DFLG VROXWLRQ WKH FRUURVLRQ LV RI VHOHFWLYH
QDWXUH DV D OLQHDU FRUURVLRQ SDWWHUQ DFFRUGLQJ WR WKH
H[WUXVLRQ GLUHFWLRQ LV JHWWLQJ YLVLEOH ,Q WKH VRGLXP
FKORULGHVROXWLRQSLWWLQJFRUURVLRQZDVWKHPDLQGDPDJH
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PHFKDQLVP 7KH XQORDGHG DQG XQUHLQIRUFHG UHIHUHQFH
VDPSOHV VKRZHG UHODWLYHO\ VPDOO GDPDJH LQ DOO FDVHV
ZKHUHDV WKH UHLQIRUFHG VSHFLPHQV VKRZHG GUDPDWLFDOO\
KLJKHUFRUURVLRQGDPDJHZLWKDTXLFNGLVVROXWLRQRIWKH
0JPDWUL[EHJLQQLQJIURPWKHHQGLQJVRI WKHVSHFLPHQ








)LJ6XUIDFHFRUURVLRQDQGFUDFN LQLWLDWLRQ LQ UHLQIRUFHGVSHFLPHQV
DW WLPH RI ILUVW FUDFN REVHUYDWLRQ DE RU PD[LPXP H[SRVXUH WLPH
FG
8QGHU VWDWLF PHFKDQLFDO ORDGLQJ FUDFN LQLWLDWLRQ
FRXOG EH REVHUYHG LQ XQUHLQIRUFHG VSHFLPHQV RQO\ LQ
GLVWLOOHGZDWHU GXULQJ WKH LQYHVWLJDWHG WLPH IUDPH DIWHU
DERXW  GD\V ,Q VXOIXU DFLG VROXWLRQ DQG VRGLXP
FKORULGH VROXWLRQ WKH VXUIDFH FRUURVLRQ ZDV GRPLQDWHG
E\SLWWLQJGDPDJHZKLOHWKHFRUURVLYHDWWDFNZDVPXFK
PRUHSURQRXQFHGDVLQWKHXQORDGHGUHIHUHQFHVSHFLPHQ
)LJXUHVKRZVWKHPHDVXUHG WLPH WRFUDFNLQLWLDWLRQ LQ
WKH ORDGHG VSHFLPHQV 7KH UHLQIRUFHG VSHFLPHQV
LQWHUHVWLQJO\ VKRZHG DPXFKKLJKHU VHQVLWLYLW\ WR VWDWLF
6&& ,Q GLVWLOOHG ZDWHU WLPH XQWLO FUDFN LQLWLDWLRQ ZDV
UHGXFHG WR DERXW  GD\V ,Q WKH VXOIXU DFLG VROXWLRQ
FUDFNV FRXOG EH GHWHFWHG DIWHU  GD\V 7KLV ZDV QRW
H[SHFWHG DV WKH VWHHO ZLUHPDWUL[ LQWHUIDFH ZDV QRW
H[SRVHG WR WKH FRUURVLYHPHGLD 7KH IDVWHU FUDFNLQJ RI
WKH FRPSRVLWH VSHFLPHQV FRXOG EH H[SODLQHG E\ SRRU
LQWHUIDFH SURSHUWLHV DQG LQWHUIDFH GHIHFWV UHVXOWLQJ LQ D
ZHDNHQLQJ RI WKH ORDGHG VSHFLPHQ VHFWLRQ ,Q VRGLXP
FKORULGH VROXWLRQ QR FUDFNV FRXOG EH REVHUYHG EXW
EHFDXVHRID VWURQJDFFXPXODWLRQRIFRUURVLRQSURGXFWV




























D VLJQLILFDQWO\ DFFHOHUDWHG FUDFN JURZWK 7KH FUDFN
SURSDJDWLRQOLQHVDUHVKLIWHGWRKLJKHUFUDFNSURSDJDWLRQ
UDWHVWKXVOHDGLQJWRDUHGXFHGVSHFLPHQOLIHWLPH
,Q WKH SXUH PDWUL[ PDWHULDO WKH FUDFN SURSDJDWLRQ
UDWH LV ODUJHVW ZKHQ H[SRVHG ZLWK VRGLXP FKORULGH
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5HJDUGLQJ WKH 6(0,QYHVWLJDWLRQV RI WKH FUDFN
VXUIDFH LW LV FOHDUO\ YLVLEOH WKDW LQ GLVWLOOHG ZDWHU WKH
FUDFN SURSDJDWLRQ VHHPV WR EH PRUH ILVVXUHG 7KH






7KH IUDFWXUH VXUIDFH VKRZHG RQO\ VPDOO DPRXQWV RI
FRUURVLRQ SURGXFWV 1D&OVROXWLRQ RU QR FRUURVLRQ
SURGXFWVDWDOO+2+62VROXWLRQZKLFKLQGLFDWHVD
K\GURJHQ HPEULWWOHPHQW FUDFN JURZWK DFFHOHUDWLRQ
DFFRUGLQJWR>@
)LJXUH VKRZV WKH FUDFNSURSDJDWLRQGLDJUDPV IRU
WKHUHLQIRUFHGVSHFLPHQV +HUHLWZDVGHWHFWHGWKDW WKH




7KH UHJLRQ ZKHUH FRQVLGHUDEOH FUDFN JURZWK
DFFHOHUDWLRQ RFFXUV ǻ.    ±  LV IROORZHG E\ D




FUDFN VXUIDFH ZKLFK OHDGV WR WKH DVVXPSWLRQ WKDW WKH
UHLQIRUFHPHQWOHDGVWRDVWDELOL]DWLRQRIWKHFUDFNSODQH
)LJ&UDFNSURSDJDWLRQGLDJUDPVIRUUHLQIRUFHGVSHFLPHQ
,W KDV WR EH QRWHG WKDW LQ WKH FRPSRVLWH WKH FUDFN
JURZWKUDWHVOD\DERYHWKRVHRIWKHXQUHLQIRUFHGPDWUL[
PDWHULDOVZKLFKZDV OHG EDFN WR D SRRU ERQGLQJ  LQ D
ORZ GHERQGLQJ VKHDU VWUHQJWK ıGHE RI  03D
PHDVXUHGE\SXVKRXWWHVWVFRPSDUHGWR>@)LJXUH
VKRZV PHWDOORJUDSKLF VHFWLRQV RI WKH FUDFN WLS








,W LV ZRUWK PHQWLRQLQJ WKDW WKH PHDVXUHPHQW RI WKH
GHODPLQDWLRQ KDV WR EH UHJDUGHG FULWLFDOO\ DV WKH
SUHSDUDWLRQ RI WKH VHFWLRQV LV GLIILFXOW GXH WR GLIIHUHQW
DEUDVLRQ UDWHV RI VWHHO DQG 0J ZKLFK OHDG WR DQ
DUWLILFLDOO\LQGXFHGJDSDWWKHLQWHUIDFHPDNLQJLWKDUGWR
GLVWLQJXLVK UHDO GHODPLQDWLRQ FDXVHG E\ FRUURVLRQ DQG
FUDFN SURSDJDWLRQ DORQJ WKH LQWHUIDFH 7KH GHJUDGDWLRQ
RI WKH LQWHUIDFH PHDVXUHG E\ FRUURVLYH GDPDJH DQG
LQLWLDWLRQ RI PXOWLSOH VLGH FUDFNV LV LQFUHDVHG
TXDOLWDWLYHO\ LQ WKH IROORZLQJ RUGHU GLVWLOOHG ZDWHU
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VXOIXU DFLG VROXWLRQDQG  WKHKLJKHVWGDPDJH LQ VRGLXP
FKORULGHVROXWLRQZKLFKFRUUHODWHVZLWKWKHH[SRVXUHDQG
FODPSLQJOHYHUWHVWV
,I LW LV DVVXPHG WKDW WKH 6&&DVVLVWHG FUDFN
DFFHOHUDWLRQ VKLIW WR KLJKHU FUDFN JURZWK UDWHV
GHSHQGLQJ RQ FRUURVLYH PHGLXP LQ WKH FRPSRVLWH
PDWUL[PDWHULDOLVWKHVDPHDVLQWKHPDWUL[PDWHULDOWKLV
PHDQV WKDW E\ WKH UHLQIRUFLQJ RI WKH SURILOH D
FRPSHQVDWLRQ RI WKLV 6&&DVVLVWHG DFFHOHUDWLRQ LV
UHDFKHG DFFRUGLQJ WR WKH FRUURVLYH GDPDJH ZKLFK
GHSHQGV RQ WKH FRUURVLYH PHGLXP OHDGLQJ WR D VLPLODU
FUDFN JURZWK UDWHV LQ DOO PHGLD  $V VWDWHG LQ >@ WKH




GDPDJH RQ WKH LQWHUIDFH 5HJDUGLQJ WKH VKRZQ FUDFN
SURSDJDWLRQ GLDJUDPV DQG WKH PHWDOORJUDSKLF
LQYHVWLJDWLRQV LW LV SODXVLEOH WKDW DFFRUGLQJ WR WKH
FRUURVLYHLQIOXHQFHKLJKHVWLQVRGLXPFKORULGHVROXWLRQ
ORZHVW LQ GLVWLOOHG ZDWHU WKH HQHUJ\ DEVRUSWLRQ LV






x 7KH GDPDJH PHFKDQLVPV LQ VWDWLF FRUURVLRQ
DSSOLFDWLRQ DUH GRPLQDWHG E\ VHOHFWLYH VXUIDFH
FRUURVLRQ PHFKDQLVPV GXH WR DQ
LQKRPRJHQHRXV PLFURVWUXFWXUH W\SLFDO IRU
PDJQHVLXPDOOR\V>@
x ,I WKHVSHFLPHQ LV UHLQIRUFHGZLWKDVWHHOZLUH
WKH QHJDWLYH FRUURVLRQ SRWHQWLDO RIPDJQHVLXP
OHDGVWRDTXLFNDQRGLFGLVVROXWLRQRIWKHPDWUL[
PDWHULDO XQGHU H[SRVXUH RI VRGLXP FKORULGH
VROXWLRQ LI WKH LQWHUIDFH LV H[SRVHG WR WKH
HQYLURQPHQW 7KHUHIRUH H[SRVXUH RI WKH VWHHO
ZLUHPDWUL[LQWHUIDFHWRPDULWLPHHQYLURQPHQWV
KDVWREHDYRLGHG
x ,Q F\FOLF H[SHULPHQWV WKH UHLQIRUFHPHQW




x ,Q FRUURVLYH PHGLD WKH $= DOOR\ VKRZHG D
VLJQLILFDQW VHQVLWLYLW\ WRF\FOLF VWUHVVFRUURVLRQ
FUDFNLQJ VXSSRVLWLRQDOO\ E\ D K\GURJHQ
HPEULWWOHPHQW W\SH FUDFN JURZWK 7KH
FRPSRVLWHV\VWHPFRXOGUHGXFHWKHLQIOXHQFHRI
VWUHVV FRUURVLRQ FUDFNLQJ WKURXJK UHGXFWLRQ RI
FUDFN JURZWK HQHUJ\ DW WKH LQWHUIDFH E\




DOOR\ LV FULWLFDO XQGHU FRUURVLYH ORDGLQJ 1HYHUWKHOHVV
WKH UHLQIRUFLQJ RI WKLV DOOR\ ZLWK D VWHHO ZLUH FDQ EH
EHQHILFLDOLQGLIIHUHQWFRUURVLYHHQYLURQPHQWVIRUIDWLJXH
FUDFN JURZWK DV WKH FUDFN JURZWK DFFHOHUDWLRQ UHPDLQV




WKH XQUHLQIRUFHG PDWHULDO <HW WKH SUREOHP RI VWUHVV
FRUURVLRQFUDFNLQJDQGFRQWDFWFRUURVLRQHIIHFWVZLOOEH





7KLV SDSHU LV EDVHG RQ LQYHVWLJDWLRQV RI WKH
VXESURMHFW $  ³0DWHULDO V\VWHPV IRU UHLQIRUFHG DQG
IXQFWLRQDO H[WUXGHG SURILOHV´  RI WKH 7UDQVUHJLRQDO
&ROODERUDWLYH 5HVHDUFK &HQWHU7UDQVUHJLR  ZKLFK LV
NLQGO\ VXSSRUWHG E\ WKH *HUPDQ 5HVHDUFK )RXQGDWLRQ
')*
5HIHUHQFHV
>@  .OHLQHU 0 6FKRPlFNHU 0 6FKLNRUUD 0 .ODXV $ 
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